Ba isotopic studies of the Oklo and Bangombe natural fission reactors in east 
INTRODUCTION
The Oklo, Okelobondo, and Bangombé uranium deposits in the Republic of Gabon, central Africa, are well known as natural fission reactors, because large-scale spontaneous fission reactions occurred in some parts of the deposits, which we call "reactor zones (hereafter, RZs)". Geochemical studies of the RZs can be used to understand the long-term behaviors of many fission products generated in the reactors.
In particular, isotopic measurements using several mass spectrometric techniques are effectively used to trace fission products in and around the RZs (DeLaeter and .
Since the yield of radioactive Cs is high in a spent nuclear fuel, understanding the long-term behavior of Cs in environments is important for the disposal of radioactive waste. Because Cs ( 133 Cs) is a mono-isotopic element, fissiogenic and nonfissiogenic 133 Cs cannot be directly distinguished by mass spectrometric techniques.
However, isotopic abundance patterns of fissiogenic Ba in the RZs provide useful information on the geochemical behavior of long-lived 135 Cs (t 1/2 =2.3 Ma) and 137 Cs (t 1/2 =30 a) that ultimately decay to 135 Ba and 137 Ba, respectively. Figure 1 indicates a part of the nuclear chart around Ba showing the fissiogenic and radioactive decay characteristics including the Cs-Ba system. Barium has seven stable isotopes with the mass numbers 130, 132, 134, 135, 136, 137 and 138 . Among seven isotopes, 135 Ba, Bangombé RZs were performed, because clay minerals are generally known to adsorb Cs well. There are many studies particularly on the adsorption behavior of Cs on clay minerals (e.g., Sawhney, 1970; Commans and Hockley, 1992; Poinssot et al., 1999; Vejsada et al., 2005) .
On the other hand, microscale isotopic analysis by secondary ion mass spectrometry (SIMS) provides information on the selective uptake of fissiogenic isotopes into specific minerals (Horie et al., 2004; Hidaka et al., 2005; Kikuchi et al., 2007) . In particular, 206 Pb isotopic excesses of illite in the surrounding rocks of RZ are concluded as a result of the adsorption of 226 Ra leached out of the RZ uraninite . The illite grains studied for the Pb isotopic measurements also included large amounts of Ba (1230 to 6010 ppm), suggesting the selective adsorption of Ba together with Ra onto the illite grains. Unfortunately we could not confirm the existence of fissiogenic Ba in the illite from the isotopic data using SIMS because of the low analytical precision. Prior to the isotopic measurements, thin section samples were prepared and observed using an electron probe microanalyzer (EPMA) to find any Cs aggregate materials. Although we expected Cs-Ba oxide aggregates in the peripheral rocks of the natural reactors, visible Cs-Ba aggregates could not be identified from our preliminary EPMA observation.
The first aim of this study is to identify the existence of fissiogenic Ba in and around RZ through highly precise Ba isotopic analyses. In particular, fissiogenic 135 Ba and 137 Ba are key isotopes in tracing the geochemical behavior of fissiogenic Cs. The timing of chemical fractionation between Ba and Cs, and the migration processes of Cs are discussed referring to the precise Ba isotopic data.
EXPERIMENTAL METHODS

Samples
Sixteen RZs have been found in the Oklo uranium deposit. Seven clay samples from the peripheral rocks of the Oklo RZ 16 and the Bangombé RZ, and six uraninite samples from the Oklo RZs 10 and 13 were used in this study. The samples were selected from RZs 10, 13 and 16, because it was expected that the samples would be less contaminated by non-fissiogenic elements on the basis of their little-weathered features (Gauthier-Lafaye et al., 1996; Hidaka and Holliger, 1998) .
Clay
Clay samples were collected from the peripheral rocks of RZs. Three samples were taken from one of drill-cores PX8 which intersects RZ 16. The subnumber of the sample indicates the depth of the location in the drill-core. Figure 2 (A)
shows a stratigraphic section of the PX8 drill-core. The location of the RZ part in the PX8 drill-core corresponds to PX8-46 to 90. Samples PX8-03 and PX8-91 were adjacent to RZ16, and PX8-97 was 7 cm above the RZ. Three samples, D75-5, D75-10, and D75-23, were taken from clay parts adjacent to RZ 16. Figure 2 (B) shows sampling locations in gallery D75 of RZ 16. BAX3.1190 was taken from a clay layer adjacent to the Bangombé RZ, as shown in Fig. 2 
(C). Previous studies revealed that
secondarily formed minerals bearing fission products exist in the BAX3.1190 sample (Kikuchi et al., 2007) .
RZ uraninite
Four samples, SF84.1469, 1480, 1485 and 1492, were taken from the SF84 borehole that intersects RZ 10. The whole rock analyses, including Ba isotopic measurements of SF84 samples, have been previously reported (Hidaka et al., 1993) , and the data suggested that fissiogenic 135 Ba and 137 Ba isotopes behaved as Cs rather than Ba. It is known that the RZ part from the SF84 boring core is one of the least weathered sites in which fission products have been well preserved (Gauthier-Lafaye et al., 1996; Hidaka and Holliger, 1998) . SD37-S2/CD (hereafter, SD37) was from the vicinity of RZ 16, and has the lowest 235 U/ 238 U ratio (=0.004630) among the RZ samples (Hidaka and Holliger, 1998) . D81N.26039 (hereafter, D81N) was taken from a terminal cross-cut in gallery D81N which intersects the lower part of RZ 10.
Chemical treatments
First, we attempted to find the Cs-enriched phase in thin-section samples from RZ uraninites and clays near RZs using an electron probe micro analyzer (EPMA), but were unsuccessful. Previous studies have show that Ba in the Oklo samples is, in most cases, highly diluted by large amounts of non-fissiogenic Ba possibly contaminated from outside of RZs (Brookins et al., 1975; Hidaka et al., 1992) . Assuming that the fissiogenic Ba and contaminated non-fissiogenic Ba are at different sites in the crystalline structure of uraninite, they may be roughly separated by chemistry. In addition, to obtain chemical information on Cs from Ba isotopic data, it is important to find the high-Cs/Ba phase in a sample. Therefore, in this study, sequential acid leaching treatment was carried out. The procedures were based on the method of Hidaka et al. (2001) , which is useful for obtaining a high-Cs/Ba fraction from planetary materials. Fifty to a hundred mg of each powdered sample was leached using 10 mL of 0.1 M acetic acid-ammonium acetate, 0.1 M HCl, 2 M HCl and aqua regia, successively.
Each leachate was divided into two portions; one for thermal ionization mass spectrometry (TIMS) analysis to determine the isotopic composition of Ba, and another for inductively coupled plasma mass spectrometry (ICP-MS) analysis to determine the Cs and Ba elemental abundances.
For the TIMS analysis, barium was chemically separated using a conventional cation exchange method (Hidaka et al., 1993) . Each leachate was dried once, and then dissolved in 2.5 mL of 2 M HCl. The sample solution was loaded onto a cation exchange packed column (Bio-rad AG50WX8, 200-400 mesh, H + form, l 50 mm 4.0 mm). The column was washed with 5 mL of 2M HCl and 0.5 mL of 2M HNO 3 , successively, and then, the barium fraction was eluted with 3.0 mL of 2 M HNO 3 .
For the ICP-MS analysis, a portion of each leachate was evaporated to dryness once, and redissolved with 10 mL of 0.5 M HNO 3 . Then 0.05 g of 10 ppmindium solution was added to the individual sample solutions as an internal standard element to optimize the analytical conditions for Cs and Ba measurements.
TIMS analysis
A VG54-30 thermal ionization mass spectrometer equipped with seven
Faraday cups was used in this study. 
ICP-MS analysis
A VG Plasma-Quad III was used in this study. 133 Cs, 135 Ba and 137 Ba were monitored in the analytical sequences. The detailed analytical procedures were based on the method of Shinotsuka et al. (1995) . The difference in Ba isotopic abundances between standard materials and Oklo samples were corrected for the measurements of elemental abundances after the determination of isotopic abundances.
RESULTS AND DISCUSSION
Ba isotopic ratios of individual samples are shown in The elements of the Oklo samples consist of fissiogenic and non-fissiogenic origin. The retentivities of fissiogenic Ba components can be discussed on the basis of the variations of isotopic ratios. It is known that some kinds of clay minerals have specific abilities for the selective adsorption of alkaline and alkaline earth elements Table 4 . In most cases, the leaching fractions from #1, #2 and #3 for the individual samples show very low contents of Ba f (usually less than 1 ppm).
Significant amounts of Ba f were observed only in the aqua regia leachate #4 fractions of a series of SF84 (1.5 ppm to 44 ppm), which suggests that some Ba f was originally incorporated into the uraninite crystalline structure. From the large deviation of data points in Fig. 3(A) , the high concentration of Ba observed in D81N#2 (470 ppm), #3
(136 ppm), and SF84-1492#2 (160 ppm) were possibly from the contamination by nonfissiogenic component after reactor operation. In spite of the large Ba contents in these fractions, they contain very small amounts of Ba f . Only the data points from fraction #4 show a better correlation between Ba f and the Ba elemental abundances than other fractions. This suggests that the sequential acid treatment from #1 to #3 processes effectively removes the contamination of non-fissiogenic Ba component from the reactor uraninite.
On the other hand, as shown in Fig. 3(B) , 135 Ba f and 137 Ba f show good correlations with the Cs contents rather than with those of Ba. In general, the Cs content in common crustal rocks are low. The content of Cs in the RZ uraninite shown as #4 leachates particularly from SF84 series is generally higher than those in other leachate fractions #1 to #3 (probably migrated out of the RZs as contamination) and in the peripheral rocks surrounding the RZs (Hidaka et al., 1993) . Therefore, the RZ samples might have been negligibly contaminated by Cs from outside of the RZs.
It should be noted that the Cs concentrations in the leachates gradually increase with the progress of chemical processes. This suggests that Cs in leachates #3
and #4 might have been incorporated into the crystalline structure of clay minerals.
Chemical fractionation between Cs and Ba in RZs
It should be noted from Fig. 3 and Cs is observed in the low Cs region (Cs<1) rather than the high Cs region (Cs>1).
The data of the low Cs regions mainly consist of those of #1 and #2 leachates, while those of the high Cs regions are from #3 and #4 leachates. The data suggest a difference in the adsorption sites of Cs on the clay minerals. Ba and Cs in leaching fractions #1 and #2, having better correlation, were easily dissolved by weak acid reagents, while those in #3 and #4 were leached out by strong acids.
Fissiogenic Ba isotopic patterns
Fissiogenic Ba isotopic patterns can be used to elucidate the chemical fractionation between Ba and Cs and the timing of its occurrence (Hidaka et al., 1993 Considering the duration of the RZ operation, which is estimated as 10 5 to 10 conditions. Recent Xe and Kr isotopic study using selective laser extraction technique also provides evidence of the early differentiation of fissiogenic Te and I from UO 2 and the subsequent selective adsorption onto aluminous hydroxyl phosphate (Meshik et al., 2004) . Interestingly, the Xe isotopic study defines a cycling operation for the RZ with 30 min active pulses separated by 2.5 h periods. Therefore, our simple calculation also shows a good approximation for tracing the behavior of fissiogenic Cs isotopes with different half-lives, although multiple-stage and/or continuous fractionation should be considered for practical usage.
Clays
Besides the leachates from the RZ uraninites, some leachates (PX8.03#1-4, PX8.9491#1 and #4) from the clay samples also show small but significant isotopic excesses. The fission patterns of the clay sample shown in However, only the fission pattern of PX8.9491#4 resembles those of RZ sample shown as type 1. Considering that PX8.9491 faced the boundary of RZ 16, a small amount of RZ uraninite might have dissolved with little chemical fractionation, and then recrystallized in sample PX8.9491. Therefore, the Ba f -enriched fraction was found in the leachate of aqua regia that effectively dissolves uraninite, and its fission pattern resembles those of RZ. The arrows in the figure indicate the paths of -decays. (1) and (2) in the text. 
CONCLUSIONS
